Post-translational control based on an environmentally sensitive intervening intein sequence is described. Inteins are invasive genetic elements that self-splice at the protein level from the flanking host protein, the exteins. Here we show in Escherichia coli and in vitro that splicing of the RadA intein located in the ATPase domain of the hyperthermophilic archaeon Pyrococcus horikoshii is strongly regulated by the native exteins, which lock the intein in an inactive state. High temperature or solution conditions can unlock the intein for full activity, as can remote extein point mutations. Notably, this splicing trap occurs through interactions between distant residues in the native exteins and the intein, in three-dimensional space. The exteins might thereby serve as an environmental sensor, releasing the intein for full activity only at optimal growth conditions for the native organism, while sparing ATP consumption under conditions of cold-shock. This partnership between the intein and its exteins, which implies coevolution of the parasitic intein and its host protein may provide a novel means of post-translational control.
INTRODUCTION
The existence of inteins, protein-splicing elements, at the active site of critical proteins suggests their regulatory potential (1) . Inteins are mobile genetic elements that invade protein-coding genes at the DNA level, whereas at the protein level they catalyze self-removal from the host protein, the exteins. Although this process of protein splicing occurs spontaneously, a role for an extein-intein partnership in controlling activity of the host protein, suspected on the basis of enigmatic intein distribution, is largely unexplored.
Although inteins exist in proteins with diverse functions, proteins involved in DNA metabolism, such as polymerases, helicases, recombinases, topoisomerases and ribonucleotide reductases are the most common hosts for inteins (1) . Adenosine triphosphatase (ATPase) domains are particularly common intein insertion points that are found in several classes of proteins including recombinases and helicases. Invasion of intein DNA often occurs into regions encoding conserved protein domains that are critical to protein function, such as a catalytic center, a ligand binding site or an interaction surface. This intein localization may be explained by the specificity of the intein's mobility apparatus, the homing endonuclease domain, for conserved sequences (2) . An alternative explanation may be that inteins become more readily fixed in the population by occupying conserved sites (3, 4) . Alternatively, we proposed that the presence of inteins in some conserved motifs might be explained by an adaptive, regulatory role of inteins (1, 5) .
Protein splicing is a naturally occurring posttranslational autoprocessing event, where the intein performs a series of autocatalytic peptide bond rearrangements. The mechanism of splicing for canonical inteins starts with two transesterification steps catalyzed by the first residue of the intein (Cys or Ser) and the first residue of the C-extein (Cys, Ser or Thr) (for review see (6) (7) (8) ). A resulting branched intermediate, with the N-extein and the intein connected to the C-extein, is resolved by cyclization of the intein's C-terminal conserved Asn, with release of the intein. Finally, the thioester bond connecting the ligated exteins is converted to a peptide bond, leaving a scarless protein. Several conserved amino acid residues within the intein, including His residues, modulate activity of the catalytic residues. Although extein residues flanking the intein can also influence the rate of splicing, this extein effect was assumed to be limited to amino acid residues immediately proximal to the intein (9) (10) (11) and there is no known role for remote extein residues.
Conditional protein splicing (CPS) is consistent with the hypothesis that some inteins act as post-translational regulators of gene expression (1) . CPS occurs in the presence of a particular environmental trigger, such as redox stress, temperature or pH (5, (12) (13) (14) (15) (16) (17) (18) . The existence of environmentally sensitive inteins hints at intein adaptation to the intracellular niche by development of a post-translational regulatory response. In these models an intein is thought to act as an environmental sensor and the role of exteins has been largely ignored (5, (12) (13) (14) (15) (16) (17) (18) . We are prompted to ask if exteins play a more substantive role and if three-dimensional (3D) extein-intein interactions might act in intein regulation, affecting intein splicing and thereby extein function, as a novel form of post-translational control.
To probe this hypothesis, we chose the intein-containing RadA protein from the hyperthermophilic archaeon Pyrococcus horikoshii (Pho RadA) for the following reasons. First, the intein is in the adenosine triphosphate (ATP) binding site (P-loop) of the RadA ATPase domain, which is the most common site for intein occupancy (1) . Second, the RadA protein belongs to the conserved recombinase superfamily composed of bacterial RecA, archaeal RadA or Rad51, and eukaryal Rad51, all of which share a structurally conserved core ATPase domain with P-loop (19) . Third, in contrast to strong transcriptional regulation of bacterial and eukaryal recombinase expression (20, 21) , hyperthermophilic RadA proteins were proposed to be regulated mostly post-translationally (22) . Fourth, the RadA intein splices robustly in the context of different non-native exteins (23) . Finally, the Pho RadA intein is a mini-intein of known structure, lacking the endonuclease domain, which simplifies RadA precursor modeling (24) . In this work we discovered that the intein functions in a partnership with its native exteins in 3D space to regulate splicing in an environment-dependent manner, being responsive to temperature and solution conditions. Thus, protein splicing provides a thermal switch allowing full activity of the RadA protein only at the elevated temperature corresponding to the growth temperature of its native host. Thereby, superimposed on thermally regulated recombinase activity (25) (26) (27) (28) (29) (30) , protein splicing may impose an additional level of posttranslational control, sparing ATP consumption at suboptimal temperatures and converting the inactive RadA zymogen to active RadA protein at the optimal growth temperature of the host.
MATERIALS AND METHODS

Computational analysis
The amino acid sequences used in this study were obtained from the Protein database at the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih. gov) and InterPro database (www.ebi.ac.uk/interpro/). Iterative and complementary searches were performed to identify and obtain sequences for the RadA/RecA inteins. We used the NCBI Protein database and the key-word search queries of the following composition: ( , to search for RadA proteins with annotated inteins in archaea or all RecA proteins with annotated inteins in bacteria. Next, we performed a complementary search in the InterPro database which allows access to annotated proteins within a given protein family simultaneously. The family 'DNA recombination/repair protein RadA' (InterPro accession number: IPR011938) was represented by 291 proteins from archaea and eukaryota. By filtering species based on RadA domain organization, also through the InterPro database, the list of species with RadA proteins containing an intein-like Hint domain N-terminal (InterPro: IPR003587), Hint domain C-terminal (InterPro: IPR003586), and/or Homing endonuclease (InterPro: IPR027434) was obtained, and compared with results of the key-word search from the NCBI Protein database. The family 'DNA recombination and repair protein RecA' (InterPro: IPR013765) contained 22,046 proteins from bacteria. Using the same domain-identification strategy as for archaea, the bacterial RecA proteins with inteins were identified and compared. Finally, we performed a series of iterative blastp and tblastn analyses (both with default parameters) using the identified inteins as queries. This last step was especially useful in cases when genomes were not annotated or assembled. The identified inteins are listed in Table 1 . Multiple protein alignments were performed by ClustalW (31) and edited manually. Phylogenetic analysis was performed using the Neighbor-Joining method in the MEGA5 program (32) .
Bacterial strains and growth conditions
All strains and plasmids used in this study are listed in Table 2 . Escherichia coli DH5␣, BL21 Star (DE3) and ArcticExpress (DE3) strains were grown in Luria Broth (LB) medium with aeration. Where appropriate, the media contained ampicillin (100 g/ml) or chloramphenicol (25 g/ml). Electroporation of E. coli was performed with a Gene Pulser apparatus (BioRad). Transformants were recovered in SOC media (0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 10 mM MgSO 4 and 20 mM glucose) for 1 h at 37
• C with aeration.
Plasmid methodology, enzymes and oligonucleotides
Plasmid DNA was isolated and purified using a QIAprep Spin Miniprep Kit (Qiagen). The enzyme digests and polymerase chain reaction (PCR) fragments were visualized by electrophoresis in 0.7% (w/v) agarose gels stained with ethidium bromide. DNA fragments were purified from agarose gels with QIAquick Gel Extraction Kit (Qiagen). Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs (NEB) and used as described in manufacturer protocols. The list of oligonucleotides used in this study is in Table 3 . The sequences of all fragments generated by PCR were verified.
Construction of plasmids
Construction of the plasmid pMIG-RadAi, carrying the Pho RadA intein gene in foreign exteins, was accomplished by inserting the RadA intein sequence with short native exteins (N-ext: EVFGEFGS and C-ext: TQLAHTLAVM) into ClaI and SphI sites between sequences coding for maltose binding protein (MBP) and green fluorescent protein (GFP) in a pACYCDuet-1 plasmid backbone ( Table 2 ). The RadA intein fragment was generated by PCR with primer pair IDT3519/IDT3520 from P. horikoshii genomic DNA (a generous gift from K. Mills) using ExTaq DNA polymerase (TaKaRa). The plasmid carrying the full-length radA gene, pFLRadAi, expressing the Pho RadA intein in native exteins, was constructed by amplifying the radA from P. horikoshii genomic DNA by PCR using primer pair IDT3184/IDT3185 and inserting the resulting fragment into BamHI and XhoI sites of the expression vector pET45b. Plasmid pRadA, expressing the inteinless version of the RadA protein, was constructed by inverse PCR using primer pair IDT3962/IDT3964 and pFL-RadAi as a template. The CloneAmp HiFi PCR PreMix (Clontech) was used to ensure accuracy and efficiency of the amplification. The In-Fusion HD Cloning Plus kit (Clontech) was used to seal the ends of the amplified plasmid.
The pFL-RadAi-AA plasmid, expressing a splicinginactive intein in the native exteins and plasmids pM1-pM12, (Table 2) , carrying mutated extein sequences, were constructed from pFL-RadAi using site-directed muta- 
Protein expression and purification
Escherichia coli BL21 Star (DE3) (Life Technologies) carrying pMIG-RadAi was grown overnight at 37
• C in LB media supplied with chloramphenicol, diluted 100-fold into fresh LB media and grown at 37
• C to OD 600 ∼0.5. Protein expression was induced with 0.5 mM IPTG followed by 3 h incubation at 15 and 20 • C. Induced cultures were collected by centrifugation and stored at −80
• C. Pellets were thawed on ice, suspended in Lysis Buffer (50 mM Tris pH 8.0, 2 mM EDTA, 10% [v/v] glycerol) in one-fifth volume of the cell culture. Cells were lysed by sonication and debris was removed by centrifugation. Cleared lysates were loaded on a 12% Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (33) without sample boiling. After electrophoresis, proteins of interest (MIG-RadAi precursor, 94 kDa; MG ligated exteins, 74 kDa) were visualized by in-gel GFP fluorescence using a Typhoon 9400 (GE Healthcare Life Sciences).
Preliminary experiments demonstrated that FL-RadAi precursor exists in two conformers when overexpressed in E. coli BL21 Star (DE3) at 30
• C for 3 h, as confirmed by mass spectroscopy, (data not shown), similar to the RadA protein from thermophilic Sulfolobus solfataricus (34) and predominantly in one form when overexpressed in E. coli BL21 Star (DE3) at 46
• C for 3 h. Thus, the FL-RadAi precursor protein expression in E. coli BL21 Star (DE3) was performed at 46
• C in all subsequent experiments. E. coli ArcticExpress (DE3) cells were used for protein expression at 15 or 12
• C for 18 h.
All His6-tagged proteins were purified using metal chelating chromatography under native conditions at 4
• C. The 1 ml HisTrap HP (GE Healthcare Life Sciences) columns containing Ni Sepharose High Performance were used following the manufacturer instructions. Ni-NTA-purified proteins were separated by 12% SDS-PAGE gel and visualized by staining with Coomassie brilliant blue (FL-RadAi precursor, 62 kDa; ligated exteins, 42 kDa; intein, 20 kDa; N-extein, 19 kDa; C-extein, 23 kDa).
Splicing assays
To test a temperature effect on splicing in vitro, the Ni-NTA-purified FL-RadAi precursor protein and the extein mutant precursors were incubated at different temperatures • C with 10 • C increments) for 15 min, 30 min, 1 h, or 2 h and then analyzed on 12% SDS-PAGE gel with Coomassie blue staining. To test solvent/solute effects, aliquots of the Ni-NTA-purified FL-RadAi precursor protein in a 96-well plate were supplemented with 96 reagents (1/20 dilution) from the Solubility and Stability Screen (Hampton Research), incubated overnight at 35 or 25
• C and analyzed by 12% SDS-PAGE. Those compounds that were found to facilitate intein splicing at 25
• C were incubated with purified FL-RadAi precursor at 25
• C for 30 min and then analyzed by 12% SDS-PAGE. To calculate the progression of intein splicing, protein bands on Coomassie blue-stained gels were quantified using ImageJ (www.imagej.nih.gov/ij/). The splicing efficiencies were calculated as follows: LE/(LE + PRE) × 100, where LE represents the amount of ligated exteins and PRE, the amount of precursor. Considering that intensity of Coomassie bluestained bands depends on a protein size the signal from LE band was adjusted to accommodate the size difference between the ligated exteins and the precursor.
Circular dichroism measurements
Far-UV circular dichroism (CD) spectra were measured in a 0.1 cm temperature-controlled quartz cell using a Jasco J-720 spectropolarimeter (Tokyo, Japan) at various temperatures. Bandwidths of 1 nm and scan speed of 100 nm/min were utilized. Three spectra accumulations were averaged. The absorbance of the sample in the CD cell did not exceed 1.5, which was well within the recommended absorbance range (<3). The photomultiplier voltage was recorded in each run and did not exceed 600 V, which was also within the recommended range.
ATPase activity of RadA
The inteinless RadA protein and the splicing inactive FLRadAi-AA protein precursor were Ni-NTA-purified as described above, exchanged into assay buffer (25 mM Tris pH 7.5, 10 mM MgCl 2 ) pre-treated with PiBind resin (Innova Biosciences) to remove contaminating inorganic phosphate. ATPase activities of RadA and FL-RadAi-AA (2 M) were analyzed using the High Throughput Colorimetric ATPase Assay kit (Innova Biosciences) following the manufacturer instructions. Enzymatic reactions were performed at different temperatures • C with 10 • C increments) for 30 min. Different concentrations of the substrate, ATP, was added in the presence of 0.2 g/ml of M13mp18 ssDNA (NEB). To eliminate the impact of temperature-dependent non-enzymatic ATP hydrolysis, protein-free controls were used for each data point. All experiments were performed in triplicate.
RadA precursor modeling
Homology models for the RadA extein and intein were generated separately based on the closest templates for the extein PDB ID: 2ZUB (35) and for the intein PDB ID: 4E2T (24) . The initial sequence alignment required for homology modeling was performed using ClustalW (31) (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and was manually corrected for proper alignment of conserved intein sequences and correcting for artificial mutations by also taking into consideration a structural alignment performed using Phyre (36) . Homology models were generated using MODELLER (37) , with the DOPE (38) and GA341 (39) energy functions, and the best scoring model was chosen for further optimization. The intein homology model was manually positioned such that its ends were as close as possible to its connection with the extein homology model using the molecular visualization program Visual Molecular Dynamic (VMD) (40) . The two loops connecting the intein to the N-extein and the C-extein were then remodeled using the loop prediction program Loopy (41) to get an initial continuous precursor structural model. This model showed the first residue of the intein and the first residue of the C-extein to be far apart, which is not a feasible conformation for the splicing reaction. Therefore, they were brought closer using the following protocol, which used restrained energy minimizations and molecular dynamics (MD) simulations. A harmonic distance restraint was applied between the centers-of-mass of the two separated residues with a force constant of 10 kcal/mol/Å 2 . The distance minimum of the restraint was gradually reduced to 6Å in 2Å decrements to achieve the optimized precursor model. At each distance minimum, the structure was optimized in vacuo using 500 steps of Steepest Descent (SD) minimization (42), followed by 100 steps of Adopted Basis Newton Raphson (ABNR) minimization (43) and then by Langevin dynamics for 2 ps with a friction coefficient of 60 ps at a temperature of 200 K, followed by another round of 500 steps of SD minimization and 100 steps of ABNR minimization. These minimizations and MD simulations were performed using the program CHARMM (44, 45) and the CHARMM22 protein force field (46) .
The optimized precursor models were analyzed for vacuum interaction energies between catalytically involved intein amino acid residues (C153, H245, H312, H323 and N324) and all other residues in the precursor. This was done by looping over all the residues and calculating the extein sidechain:intein sidechain and extein sidechain:intein backbone components of these interaction energies to get an understanding of the approximate influence of each extein amino acid sidechain on the intein catalytic residues.
RadA model assessment
A few different Model Quality Assessment Programs were used to assess the RadA precursor wild-type and mutant models with the scores shown in Supplementary Table S1 . The Swiss-Model Qmean server (http://swissmodel.expasy. org/qmean/cgi/index.cgi) was used to obtain the Qmean and Qmean derived Z-score (47) . QMEAN score is a global score for each model that scores its reliability from values ranging between 0 and 1, with higher values indicative of greater accuracy. The associated Z-score relates this QMEAN score of each model to the scores of a nonredundant set of high-resolution X-ray structures of similar size with ideal values being close to 0 (i.e. showing least deviation from the X-ray set scores). ProSA-Web Z-scores (48) were obtained using the ProSA-Web server (https: //prosa.services.came.sbg.ac.at/prosa.php). These Z-scores are mostly within the range −7 to −12 for X-ray structures of proteins of length close to 500 residues. The Molprobity score (49) of each model was obtained using the Joint Center for Structural Genomics' Quality Control Check version 3.1 (http://smb.slac.stanford.edu/jcsg/QC/). The Molprobity score reflects the X-ray resolution at which its individual scores would be the expected values such that lower values indicated better models. The Protein Structure Validation Server (PSVS1.5) (50) was used to obtain Z-scores for Verify3D (51) and Procheck G-factor phi/psi (52) assessments. These Z-scores are derived from comparison of the Verify3D and Procheck G-factor phi/psi scores of each model to the scores of a set of 252 X-ray crystal structures with resolution ≤1.80 Ang., R-factor ≤0.25 and Rfree ≤0.28. As with other Z-scores, values closer to 0 indicate models that better agree with the high quality X-ray structure dataset.
RESULTS
Diverse intein insertion sites in functional domains of the RadA/RecA proteins
To characterize the diversity and distribution of inteins in the archaeal RadA and bacterial RecA proteins, we performed computational mining ( Figure 1 and Table 1 ). In addition to 72 inteins reported in the intein database InBase (53), we identified 26 new inteins. An interesting aspect of intein distribution is the exceptionally wide span of organisms containing RadA/RecA inteins, given only a few other examples of inteins present in orthologous genes in both archaea and bacteria (1) . There are five distinct intein insertion points in RadA/RecA proteins, a-e, including two newly identified ones (54, 55) . The RadA/RecA inteins vary greatly between archaeal and bacterial species, based on sequence similarity and their insertion points in RadA/RecA proteins, suggestive of independent events of intein invasion ( Figure 1 and Table 1 ).
The intein insertion points are clustered in important functional domains, at the monomer-monomer interaction interface (sites a, b and d) and the ATP-binding site (sites c and e) ( Figure 1B) . Interestingly, insertion point c exists in both archaeal RadA and bacterial RecA proteins (designated c1 and c2, respectively). This insertion point is located in the conserved active site P-loop of the ATP-binding domain ( Figure 1B ), which is a hot-spot for inteins in different ATPase-containing proteins in various archaeal and bacterial species ( Figure 1A ) (1) . Although, the comparative analysis demonstrated a high degree of RadA and RecA extein sequence correspondence, there is little similarity between the RadA and RecA inteins at position c, suggesting independent invasion at the identical insertion point in archaea and bacteria ( Figure 1C ). Given that this site appears to have been repeatedly targeted by different inteins in two domains of life, the small, well-characterized intein in the Pho RadA protein was selected as the focus of the present study.
Native exteins inhibit splicing as post-translational thermal switch of RadA activity
To test a potential relationship between intein catalysis and the nature of the extein, we made two precursors with the Pho RadA intein with foreign and native exteins. The construct with foreign exteins contains MBP and GFP flanking the intein, to form the MPB-Intein-GFP fusion (MIGRadAi) (Figure 2A ). The MIG-RadAi construct contains short native exteins (8-10 amino acid residues) as extein residues at the splice junctions can modulate splicing by affecting the electronic properties of intein active site (9) (10) (11) . The construct with the native exteins contains the fulllength RadA protein (FL-RadAi) with the intein at its Ploop ( Figures 1B and 2B) . Splicing of the RadA intein from both precursors was examined.
MIG-RadAi was overexpressed in E. coli and the cellular lysates were used to analyze the extent of MIG-RadAi processing in vivo. The protein bands of the MIG-RadAi precursor and the MG (MBP-GFP) splice product were visualized by GFP fluorescence in an SDS-PAGE gel, without boiling the extracts (Figure 2A) . The MIG-RadAi precursor processed effectively in vivo upon expression at 15 and 25
• C for 3 h, with splicing in the 59-81% range. In vitro, the MIG-RadAi precursor recovered after induction at 15
• C was 94% spliced within 1 h at 25
• C (Figure 2A ). These experiments indicate high splicing activity of the RadA intein from foreign exteins, consistent with a previous report (23) .
In contrast to the MIG-RadAi precursor, the FL-RadAi precursor demonstrated compromised splicing activity in vivo ( Figure 2B) , with no detectable splicing in vitro at 25
• C over several days (data not shown). Interestingly, catalytic activity of the RadA intein in the context of native exteins was strongly dependent on temperature, showing an increase in splicing at 55
• C and reaching a maximum at 75-85
• C ( Figure 2B ; plotted Figure 3B ). The different activity of the RadA intein in the context of its native and foreign exteins suggests that the native exteins modulate performance of the intein in a temperature-dependent manner. Moreover, given that the amino acid residues immediately flanking the intein are identical in MIG-RadAi and FL-RadAi, remote residues must be mediating the regulatory extein effect, likely via extein-intein interactions that occur in 3D space. 
Extein-imposed inhibition of splicing can be modulated by solution environment
If thermal regulation of the RadA intein is mediated by contacts between the exteins and the intein, agents other than temperature might disrupt these extein-intein interactions to facilitate splicing. Denaturants, detergents and solvents are known to activate some enzymes by relaxing the rigidity of interactions at the active site (56) . To test whether this might be the case, we subjected FL-RadAi to a Hampton Solubility and Stability Screen (see 'Materials and Methods' section) which includes a panel of 96 compounds that modulate protein solubility and stability. We determined that several compounds had modest effects (data not shown). Although 1.25% 1-butyl-3-methylimidazolium chloride, a water-miscible ionic liquid (57) and 0.5% SDS, a detergent, had little effects on splicing of FL-RadAi upon incubation at 25
• C for 30 min, the two reagents together resulted in a sharp increase in splicing, to 90% ( Figure 2C ). Doubling the concentration of the ionic liquid allowed splicing to go almost to completion. We hypothesized that the ionic liquid in combination with the detergent acts by reducing the interactions between the native exteins and the intein. Thereby solution environment is capable of releasing intein inhibition in the FL-RadAi precursor at low temperature, indicating that zymogen activation by splicing is also sensitive to non-thermal cues.
Thermal responses of structure and activities of FL-RadAi and RadA
To test if the FL-RadAi precursor might undergo a secondary structure transition that could allow protein splicing, folding of FL-RadAi precursor at different temperatures was characterized by CD spectroscopy. To eliminate changes that might reflect rearrangements during protein splicing, a catalytically inactive FL-RadAi-AA precursor was utilized, where AA designates C153A and N324A mutations at the N-and C-termini of the intein ( Figure 1B) . The inteinless RadA protein was used as a control to show secondary structure transitions in the ligated exteins and RadA protein plus RadA intein in a 1:1 mixture (RadA + Intein) were used to mimic FL-RadAi in composition, alongside RadA intein alone. Far-UV spectra of the proteins showed temperature-dependent changes in the 25-85
• C interval in extein-containing species, FL-RadAi-AA, RadA and the RadA + Intein. However, there were minimal changes associated with RadA intein spectra. CD spectra of the samples containing the RadA exteins showed common temperature-dependent secondary structure rearrangements, similar to those reported for the Pyrobaculum islandium RadA (25) . Given that the exteins have predominantly ␣-helical content (35) and the intein comprises mainly ␤ strands (24), we followed changes in ellipticity around the middle of the spectrum in the 217-223 nm interval, which covers characteristic wavelengths for ␣-helices (222 nm) and ␤-sheets (218 nm) ( Figure 3A and B, top panel). We observed an increase in slope at 55
• C for both the FL-RadAi-AA precursor and for the RadA protein, albeit less pronounced for RadA ( Figure 3B ). This similarity suggests that temperature-dependent rearrangements in the FL-RadAi precursor are related to its extein component.
Considering the temperature-dependence of Pho RadA intein splicing, it is interesting that catalytic activity of hyperthermophilic RadA/Rad51 proteins are also regulated by temperature (25) (26) (27) (28) . We therefore tested the temperature dependence of ATPase activity of the Pho RadA protein. Similar to other RecA-like proteins, the inteinless Pho RadA shows ssDNA-dependent ATPase activity (25) (Fig-Figure 3 . Temperature-dependent structure transition and ATPase activity of the Pho RadA protein and the precursor. ure 3B, bottom). The rate of ATP hydrolysis by RadA rises above temperatures of 65
• C. Unlike RadA, the splicing inactive FL-RadAi-AA precursor showed no catalytic activity at elevated temperatures ( Figure 3C ), consistent with the assumption that intein splicing is required for functional activity of the host protein.
To further analyze the effect of temperature on the rate of ATP hydrolysis by the RadA protein, an Arrhenius plot was generated by measuring ATPase activity at temperatures in the 55 to 80
• C interval ( Figure 3B , bottom, inset; Figure 3D ). Pho RadA exhibits biphasic ATPase activity and an Arrhenius plot with a breakpoint at 76
• C, with two activation energies, of 12.7 and 22.7 kJ/mol ( Figure 3D ). This breakpoint in activation energy is 20
• C higher than the increase in splicing activity. The breakpoint may therefore correspond to a local rearrangement of amino acid residues at the ATPase active site similar to P. islandium RadA (25) rather than to global conformational changes. Given that P. horikoshii lives in the temperature range of 70-103
• C, the two distinct catalytic modes of RadA below and above the 76
• C breakpoint may reflect the state of the protein in vivo (25) .
FL-RadAi precursor models suggest inhibitory extein-intein interactions
Considering the innate ability of the RadA intein to splice at low temperatures (23) (Figure 2A ) and its temperaturedependent splicing from the native precursor, together with the similarity in FL-RadAi-AA and RadA temperaturedependent structure transitions ( Figure 3A and B, top panel), we suggest that the temperature sensitivity in the FL-RadAi precursor is attributable to its extein component. We also speculate that intein splicing is blocked by interactions with extein residues and that these interactions can be disrupted via conformational changes in the exteins induced by temperature or by the solvent environment, thereby releasing the intein from a locked, inactive state. We therefore wished to gain insight into these inhibitory interactions.
In the absence of structural data on the full-length inteincontaining protein precursor, the Pho FL-RadAi precursor ( Figure 4A ) was modeled using the available structures of the Pho RadA intein (24) and the S. solfataricus RadA protein (35) (Figure 4B ). Two assumptions were made in generating the model: first, the individual intein and extein fragments maintain their overall 3D structures in the precursor, consistent with the minimal differences in the CD spectra of the intact FL-RadAi precursor and its compositional mimic of RadA + Intein ( Figure 3B) ; and second, the covalent connectivity between the RadA intein and extein sequences imposes 3D constraints that are sufficient for a reasonable prediction of the intein and extein regions with respect to one another. A representative structure of the FL-RadAi precursor illustrates multiple features pertinent to splicing ( Figure 4B ). First, a large amount of the internal structure can be maintained for both the RadA exteins and the intein in the precursor without steric clashes. Second, the RadA intein and the exteins share a large interaction surface and the intein is in direct contact with the C-terminal extein, which constitutes the main part of the ATPase core domain of the RadA protein. Finally, the catalytic residues of the intein are located on the extein-intein interface ( Figure 4C ), revealing the possibility for 3D extein-intein interactions affecting intein catalysis. Conserved residues of the intein C153, H245, H312, H323 and N324 are oriented toward the RadA exteins ( Figure 4C ). C153 corresponds to the first residue of intein (C1 in Figure 4A ), which initiates splicing, whereas N324 is the terminal Asn of intein which cyclizes to release the intein from the C-terminal extein (6) (7) (8) . The His residues are in conserved sequence blocks B, F and G, respectively ( Figure 4A ), and they modulate the activity of the catalytic residues of the intein.
The proximity of the intein active site to the extein predicts which particular extein sidechains could affect splicing. For this analysis, the intein residues C153, H245, H312, H323 and N324 were used. Ten optimized precursor structures were generated to analyze the sensitivity of these interaction energies to model variations. Identification of exteinintein contacts was based on calculation of absolute values of interaction energies between each extein sidechain and the sidechains or the backbone of the individual intein catalytic residues. The extein-intein interactions with values >1 kcal/mol (positive or negative) were considered significant and shown in Figure 4D . Such interactions were observed with groups of extein residues that are remote from the splice sites in the precursor sequence, in helix 1, loop 1 and loop 2 ( Figure 4A ), but close to catalytic residues of the intein in 3D space in the FL-RadAi precursor structure model ( Figure 4C ). These residues belong to highly electrostatic secondary structure elements of the ATPase domain of RadA: helix 1 (D352-K367), loop 1 (R496-R503) and loop 2 (E524-D529) ( Figure 4A, C and D) . Helix 1 residues interact with sidechains and backbones of H312, H323 and N324; especially strong interactions were identified between R358 and R361 and the sidechain of N324. Loop 1 residues K497, K498 and R503 interact with the sidechain of H245 and R503 has additional interactions with the sidechain of H323 and the backbone of N324. Loop 2 residues interact only with the sidechain of H323. Interestingly, most of the identified 3D extein-intein interactions involve residues H312, H323 and N324, responsible for C-terminal cleavage activity of the intein, while only weak interactions were observed with H245 and none with C153, the residues involved in N-terminal activity of intein. The strongest interactions identified in FL-RadAi were taken into account in extein mutant design to probe the basis of thermoregulation of protein splicing.
Design of extein mutants to establish interactions that control protein splicing
To test whether identified 3D interactions between the extein residues and the catalytic intein residues are responsible for the observed temperature dependence of RadA intein splicing from its native exteins, specific extein residues of the FL-RadAi precursor were mutated to alanine (Figure 5A and B) . These mutations can be classified into three categories: extein-intein interaction mutants designed based on the interaction energies, RadA functional mutants based on residues involved in ATPase activity of RadA and control mutants based on the distance from the intein active site in the models. Twelve mutants were generated, as justified in Table 4 and illustrated in Figure 5A and B.
Among the extein-intein interaction mutants, the residues from the electrostatic helix 1, which show the strongest interactions with the intein, were given the most attention ( Figure 4D , marked with * and Figure 5C ). Mutant 1 (M1) has R358, E360, R361, R363 and E364 residues of helix 1 changed to alanine; M2 has mutations in the residues R358 and R361 that have strong interactions with intein residue N324 ( Figure 5C ); M3 has mutations in residues E360, R363 and E364 that interact with H312 ( Figure 5C ); M4-M7 have single point mutations in R358, E360, R361 and E364 ( Figure 5 and Table 2 ). Additionally, R503 from loop 1 interacts with H245, H323 and N324 residues of the intein and was mutated to alanine in M8 ( Figure 5C ).
Since the intein insertion is in the ATPase active site of the RadA protein, we also tested the effect of mutating residues Figures 4D and 5C) ; the ATPase function mutants (M6, M9, M10) carry mutations which disrupt ATPase activity of the RadA protein; control mutants (M11 and M12) carry mutations at amino acid residues that are distant from the intein and are unlikely to interact with the intein active site. R361 in M6 (circle with white center) is a residue that emerged from the computational screen as an interacting residue and is also a catalytic residue of the RadA protein. that are involved in the ATPase activity of RadA. The effect of mutations in highly conserved residues E354 and Q465 that are proposed to coordinate the nucleophilic water molecule (58) were tested in mutants M9 and M10, respectively. The effect of mutation in K152, the residue directly involved in ATP hydrolysis, could not be studied here as K152 is also the terminal residue of the N-extein, a site that perturbs intein splicing (9, 10) . Interestingly, the ATP basestacking residue, R361 (58), came up in our computational screen as having one of the strongest interactions with the intein and is mutated in M1, M2 and M6. As controls, M11 and M12 have mutations in charged residues that are not expected to be in proximity to the catalytic intein residues. This range of mutants will probe the veracity of the inteinextein structure model and the basis of the environmental control of protein splicing.
Splicing of extein mutants supports three-dimensional model for extein-intein interactions
To probe extein-intein interactions intein splicing activity of the FL-RadAi extein mutants and the isogenic wildtype FL-RadAi precursor (WT) were analyzed, after overexpression and Ni-NTA purification. The single and multiple points mutants M6 and M1, respectively, have folding and temperature-dependent secondary structure transitions similar to the ones observed in WT FL-RadAi, as confirmed by CD analysis (data not shown). Modulation Charged residues that are not expected to be in proximity to intein catalytic residues M12 E57, K58, R60, E61 Charged residues that are not expected to be in proximity to intein catalytic residues a R361 is the ATP base-stacking residue.
of intein splicing by the extein mutations was analyzed in vivo and in vitro ( Figure 5D ). The extent of in vivo splicing activity is reflected by the amount of spliced precursor at 0 min corresponding to ∼20% for WT during induction at 46
• C ( Figure 5D ). Mutants M1, M2, M3 and M5 showed an increased level of in vivo splicing, exceeding 30%.
In vitro analysis of intein splicing was performed by incubation of the samples at elevated temperatures. The RadA intein spliced efficiently from all samples at 75
• C (data not shown). In contrast, at 55
• C, while WT splicing increased from 20 to 30% after 30 min and to >40% after 120 min, the extein mutations were found to produce dramatic effects on intein splicing at 55
• C, especially in the case of the extein-intein interaction mutants ( Figure 5D , cf M1-M8 with WT). M1, with multiple electrostatic residues in helix 1 mutated to alanine, showed the strongest phenotype, with 85 and 98% of precursor spliced after 30 min and 120 min of incubation, respectively. Although less dramatic, other multiple mutants, M2 and M3, and single point mutants M5-M7 also showed increased splicing activity compared to WT ( Figure 5D ). Interestingly, M8, which is a loop 1 extein mutant, has inhibited splicing activity compared to WT, opposite to all helix 1 mutants. M6, with mutation of the R361 residue involved in ATP binding, was identified computationally by virtue of extein-intein interactions, and has the strongest splicing activation phenotypes among the single mutants. Other functional mutants in the ATPase domain, which were not identified by computational screen, such as M9 and M10 have only small deviations in splicing compared to WT. The control mutants, M11 and M12, showed negligible modulation of intein splicing, which is consistent with the charged residues in these mutants not interacting directly with the intein catalytic residues.
Mutants M1, M6 and M8 were selected for more detailed characterization of the kinetics of splicing at 55
• C (Figure 6A) . Consistent with previous data, M1 had a significant amount of splicing in vivo, and spliced in vitro at least three times faster than WT, resulting in 98% splicing after 2 h at 55
• C. Also, in corroboration with previous data, single point mutations in M6 (helix 1) and M8 (loop 1) spliced >80% and <20% after 2 h at 55
• C resulting in 2.7-fold acceleration and 5-fold inhibition of intein splicing, respectively.
To further investigate the temperature dependence of M1, this mutant and WT were overexpressed at 12
• C to prevent M1 splicing in vivo. With recovery of more unspliced precursors ( Figure 6B , T = 0) characterization of splicing was performed in vitro at 55, 45 and 35
• C ( Figure 6B ). At 55
• C, M1 spliced 10 times faster than WT with almost complete precursor conversion after 120 min. At 45
• C, M1 spliced 19 times faster than WT with >85% of precursor spliced within 120 min while WT had virtually no activity. Even at 35
• C with extremely low levels of activity M1 spliced at five times the rate of WT.
Together these data show unequivocally that the RadA exteins can modulate intein splicing. Significant stimulation and inhibition of protein splicing were observed even with single point mutations in extein sequences remote from the intein in primary sequence, but predicted to be close to the intein catalytic center in 3D space. The most dramatic effects were found in the predicted extein-intein interaction mutants. These results support our 3D precursor model for extein-intein interactions that regulate splicing, while providing the basis for a post-translational environmental switch of RadA activity.
DISCUSSION
This work reports the discovery that splicing of the Pho RadA intein, located in the P-loop of the ATP-binding domain of the hyperthermophilic RadA protein, is regulated by its native exteins in a manner dependent upon temperature and solution environment. The extein effect on the Pho RadA intein stands out from previous cases of exteinderived modulation of splicing for three reasons. First, regulation is observed only in the native exteins. Second, exteinintein interactions occur via residues that are remote in primary sequence but proximal in 3D space. Finally, exteins serve as an environmental sensor to control splicing, providing a new form of post-translational control. Thereby the exteins impose a lock on splicing, which can be viewed as a cold-shock response that is released at high temperature, such that RadA is most active under the optimal growth conditions of the native organism (Figure 7) . 
P-loop is a hot spot for intein invasion
Recently, detailed characterization of genome organization and gene expression has resulted in paradigm shifts from viewing mobile elements as purely selfish and parasitic entities to considering their dynamic role in the evolution of species (59) . Increased frequencies of intein invasion of particular types of proteins and especially of common sites in different proteins may inform us of potential benefits to the organism of such intein localization. Our attention was drawn to a previously reported hot-spot for intein invasion found in the conserved motif in a phosphate-binding loop of the ATPase domain, called the P-loop. Seven of 16 of the most common proteins with inteins have insertions in the P-loop (1). The attractiveness of the P-loop for intein insertions is poorly understood. It is possible, that the bias toward insertion into the P-loop arose from its sequence conservation and specificity of the homing endonucleases from different inteins (2) . Another possibility is that intein invasion is quasi-random and inteins are retained in P-loops for some adaptive advantage to the organism (1), including their partnership with exteins. Given the diverse ATPases invaded by inteins, we propose below that this arrangement might allow modulation of ATP consumption under various conditions of stress.
Among the intein-containing proteins, the RecA family stands out as a favorite niche. Strikingly, the newly identified bacterial RecA intein, the first intein reported for E. coli, is at precisely the same insertion point as an archaeal RadA counterpart, in the P-loop of the ATP-binding domain (Figure 1 ). Comparative analysis of the RadA and RecA extein and intein sequences suggested independent invasions at this insertion point in archaea and bacteria, given the conserved nature of the exteins containing the disparate inteins ( Figure 1) (1) . In the present study we show that the activity of the RadA intein is regulated by its native exteins, suggesting that the intein insertion in the P-loop of the ATPbinding domain of some proteins can be of functional importance. Although we cannot rule out the possibility that the extein-intein partnership is a secondary adaptation, it is clearly valuable to view the intein as part of a complex sysNucleic Acids Research, 2015, Vol. 43, No. 13 6645 tem and to consider the nature of its host protein, the intein insertion site, the host species and its environment.
Post-translational regulation of RadA by superimposed mechanisms
RecA/RadA/Rad51 orthologs in bacteria, archaea and eukarya are ATPases that facilitate DNA strand exchange during homologous recombination, repair of double-strand DNA breaks and restart of stalled replication forks (19) . In striking contrast to bacterial and eukaryotic proteins, the archaeal RadA gene is not induced by DNA damage caused by ␥ and UV irradiation and heat shock, suggesting that it might be constitutively expressed (60) (61) (62) . It was proposed that the RadA protein might be regulated posttranslationally (22) .
Although the cellular environment in E. coli and P. horikoshii is different, it is widely accepted that hyperthermophilic proteins expressed in E. coli retain their native folding and biochemical properties (56) . Considering the observed temperature dependence of RadA intein splicing, it is important to recognize that ATPase activity of the RadA protein itself is strongly regulated by temperature ( Figure 3 ) (25) (26) (27) (28) . Most hyperthermophilic enzymes have optimal activity within the range of growth temperatures of the host organism, typically • C. Thermal control of hyperthermophilic enzymes is often related to their higher rigidity at moderate temperatures and, rarely, with temperature induced conformational changes (56) . An Arrhenius plot, which measures the effect of temperature on reaction rate, is linear for the majority of hyperthermophilic proteins, suggesting a uniform functional conformation with changes in temperature (56) . However, a biphasic Arrhenius plot for some hyperthermophilic proteins (63-67) suggests functionally significant conformational changes (56), such as reported for RadA of some hyperthermophiles. These RadA proteins exhibit two catalytic modes above 70
• C related to rearrangement of hydrophobic amino acid residues near the ATPase active site (25, 68) . Pho RadA has similar temperature dependence of ATPase activity including the increase of ATPase activity at elevated temperatures (Figure 3B ) and the breakpoint in Arrhenius plot at 76
• C (Figure 3D) . Considering that below the optimal growth temperature archaea shut down replication and recombination, the existence of two catalytic modes of RadA was proposed to represent in vivo temperature dependent regulation of RadA function (25, 68) . The presence of the intein in Pho RadA and the independent control of splicing from ATPase activity by temperature and solution environment represent superimposed regulatory mechanisms on ATPase function that may safeguard against futile ATP consumption or recombination at unphysiologically low temperatures.
Native exteins as sensors that modulate intein splicing
This work shows that splicing of the RadA intein in the context of its native exteins is temperature dependent. In contrast, several hyperthermophilic inteins show thermally sensitive splicing in foreign exteins (5, (12) (13) (14) (16) (17) (18) , a phenomenon that may be related to high intein rigidity at suboptimal temperature. Indeed, structural characterization of the hyperthermophilic temperature-dependent Pyrococcus abyssi PolII intein revealed that this intein has a significantly more rigid structure than that found in mesophilic inteins (69) . In sharp contrast to these inteins with innate temperature dependence, the Pho RadA intein can readily splice from foreign exteins even at low temperature (Figure 2A ) (23) , showing that RadA intein splicing per se is insensitive to temperature. However, splicing of the Pho RadA intein from its native precursor has pronounced temperature dependence, suggestive of a direct involvement of the exteins in the thermal properties of RadA intein splicing.
Regulation of RadA intein splicing is related to the temperature dependent changes in the secondary structure of the RadA exteins ( Figure 3A and B) . Splicing begins at 55
• C, coincident with secondary structure rearrangements of RadA exteins of the FL-RadAi precursor. Splicing accelerates with increased temperature and plateaus above 75
• C. This leveling off is possibly due to rearrangements in the ATPase active site of RadA responsible for the Pho RadA transition between the two catalytic modes ( Figure 3D ). Such modulation of FL-RadAi splicing observed only in the native extein context suggests that the RadA exteins can serve as a sensor that regulates intein activity through temperature-and solution-sensitive extein-intein interactions.
Extein-intein partnership in three-dimensional space for post-translational control of RadA activity
To understand the nature of the interactions involved in the extein-dependent modulation of intein activity, atomic details of the FL-RadAi precursor are needed. In the absence of a full extein-intein precursor structure, it was possible to derive a model using the independently determined structures of the intein and the extein, as the prediction is reduced to mostly the relative orientation of the two structures and the limited extein distortion to accommodate the intein insertion. This approach is legitimized by the similarity in secondary structure rearrangements of FL-RadAi precursor and RadA + Intein ( Figure 3A and B) . We generated 10 Pho RadA precursor models and identified extein sidechains that could potentially affect splicing through their electrostatic and van der Waal's interactions with the intein catalytic residues, leading to a mutagenesis study that supported the model, as discussed further below. Interestingly, when we performed similar modeling for the newly identified bacterial E. coli RecA precursor, with intein insertion in its P-loop, we found that precursor models with similar extein-intein orientations as Pho RadA are not feasible due to steric clashes between the E. coli RecA intein and its C-extein (data not shown). Orientation of the disparate inteins within the highly conserved ATPase domains could be different for the archaeal hyperthermophilic RadA precursor and the bacterial mesophilic RecA precursors, suggestive of coevolution of intein and extein within each precursor, and precursor-specific functional adaptations.
Mutational analysis strongly supported the modeled interactions between the exteins and the intein. Reduced electrostatic interactions between helix 1 and the intein active site in M1, allow splicing in the temperature interval of • C (Figure 6B ), suggesting that these helix 1-intein active site interactions are the primary source of the inhibition of splicing above 55
• C. Intein splicing has a profound sensitivity toward its exteins as even single point mutations, such as R361A (M6) and R503A (M8), cause strong stimulation and inhibition of protein splicing, respectively. Interestingly, all helix 1 mutations facilitate intein splicing, whereas the loop 1 mutation leads to complete inhibition of splicing, suggesting that different secondary structure elements of the RadA exteins may have divergent effects on intein activity. Such differential modulation of intein splicing by the exteins suggests the potential for extein-intein interaction to toggle intein activity in response to different stimuli.
The conserved residue R361 from helix 1, directly involved in ATP base stacking (58) , has the strongest predicted interaction with intein catalytic residues and the strongest phenotype among the single point mutants. Importantly, the interactions between R361 and the intein may affect activity of both the intein and the exteins, by affecting splicing catalysis on one hand and preventing ATP binding to R361 in the functionally inactive FL-RadAi precursor on the other. A similar form of thermal modulation of a hyperthermophilic enzyme favoring activity at high temperatures was reported for the Pho acylphosphatase, where formation of a salt bridge with catalytic residues inhibits protein activity at low temperature and the removal of these interactions by mutagenesis releases the inhibition resulting in enzymatic activity of the protein at low temperature (70) .
In addition to temperature and mutations, the inhibitory extein-intein interactions within FL-RadAi could be released in a defined solution environment. This environment was formed by the combination of the detergent SDS and the ionic liquid 1-butyl-3-methylimidazolium chloride, which together allow FL-RadAi splicing at low temperature. Similarly, detergents, denaturants and solvents can activate some enzymes by relaxing the rigidity of interactions at the active site (56) . However, ATPase activity of the RadA protein at low temperature is not stimulated by the solution composition mentioned above (data not shown), suggesting independent modulation of splicing activity of the RadA precursor and ATPase activity of the RadA protein. Thus, the extein-intein interactions are sensitive to the nature of extein amino-acid side chains and environmental conditions, including temperature and solution composition, and allow independent regulation of intein splicing and ATPase activity per se. It would also be interesting to probe the effect of pressure on these interactions given that P. horikoshii is hyperbaric.
In conclusion, this work demonstrates a partnership between the RadA intein and the exteins in the P. horikoshii RadA precursor. This interaction between the two serves as a sensor for temperature and solution composition, modulating intein splicing. We propose that the intein serves as a transducer that permits extein function in response to environmentally induced interruption of extein-intein interactions. During this modulation, the intein transforms the inactive exteins into the active RadA protein, providing a novel mechanism of post-translational regulation of RadA function.
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